Dry eye disease (DED) is an inflammatory disorder of ocular surfaces leading to severe disability, especially in the elderly age group. The mainstay of therapy includes artificial tears, punctual plugs, topical antiinflammatory agents, and corticosteroids. In the past few years, only cyclosporine-A emulsions have been added to the existing therapy, but it is discontinued by most patients as it causes burning sensation in the eye. Hence, progress in new research for a better therapeutic option led to the discovery of lymphocyte function-associated antigen intercellular adhesion molecule 1 antagonist, lifitegrast. It hinders the T-cell activation, release of inflammatory mediators, and consequently inhibits the inflammatory pathways in DED. It was approved by the US Food and Drug Administration in July 2016 for the treatment of DED. This review highlights the development process and approval of lifitegrast.
INTRODUCTION
Dry eye disease (DED) or syndrome, also known as keratoconjunctivitis sicca, is a complex disorder of ocular surface characterized by symptoms of visual disturbances, eye discomforts, and dryness due to tear film instability. The presumed pathogenesis includes increased osmolarity of the tear film and inflammation of ocular surfaces and lacrimal glands. [1] It is clinically classified into two subtypes: aqueous-deficient DED with decreased tear secretion and hyperevaporative DED with increased tear evaporation. The aqueous-deficient disorder accounts for 10% of patients and hyperevaporative and mixed hyperevaporative/aqueous forms account for more than 80% of cases. [2] Although the disease is multifactorial, chronic inflammation plays an important role in its pathogenesis. Evidence has suggested the role of T-cell-mediated inflammation. Specifically, CD4+ T-helper (TH1 and TH17) cells have been recognized as mediators of ocular inflammation in DED. [3] Lymphocytic infiltration into the ocular surface leads to release of pro-inflammatory cytokines, chemokines which damage the ocular tissues. Increased levels of inflammatory cytokines expressed by T-lymphocytes have been detected in the tear film of patients of DED. [4, 5] Formation of immunological synapse by lymphocyte function-associated antigen/intercellular adhesion molecule-1 (LFA-1/ICAM-1) binding facilitates T-cell proliferation/activation, cytokine release, and recruitment of more T-cells at the inflammatory sites. [6] Hence, T-cell targeting therapies will be efficacious for treatment of DED.
Treatment options of DED include artificial tear preparations made from polyvinyl alcohol, povidone, hydroxypropyl guar, cellulose derivatives, and hyaluronic acid. They increase tear film stability and reduce ocular surface stress. The over-the-counter artificial tears may contain vasoconstrictive agents to reduce conjunctival hyperemia in DED which may be injurious to the ocular surface. Anti-inflammatory agents, corticosteroid eyedrops when used for 2-4 weeks improved the signs and symptoms of moderate to severe DED. However, the long-term use of corticosteroid eyedrops led to complications such as increased intraocular pressure and cataract, hence it is recommended only for short-term use. Immunosuppressants -0.05% cyclosporine-A eyedrops/emulsions and tacrolimus 0.03% eyedrops and ointments reduced cytokines and inflammatory cells on ocular surfaces. Cyclosporine-A has a long onset of action and hence failed to show the desired dose response and also led to the severe burning sensation which was the major limiting factor for its use in patients of DED. Antibiotics such as tetracycline and azithromycin have been used successfully due to their additional anti-inflammatory effects but may have adverse reactions at high doses, hence recommended to be used in low doses. Omega-3 fatty acids are also currently being used as they block pro-inflammatory cytokines and inflammatory process in the eyes. Eyelid hygiene with hot compresses, warming masks/goggles, infrared heaters, and massages are also helpful. Occlusion of tear ducts by punctual plugs is effective in patients with aqueous-deficient DED. [7] There are no specific guidelines for the treatment of DED, and the treatment has to be tailored according to patient's individual needs depending on the severity of the disease. Even with the available treatment options in hand, ophthalmologists look for newer agents which can quickly resolve the signs and symptoms of disease with a rapid onset of action and minimum adverse effects. [8] Moreover, DED is a chronic condition and requires long-term treatment; hence, we require such therapies which target the main pathoetiological condition without much adverse effects. Thus, search of novel targeting drug therapies led to the development of T-cell inhibitor lifitegrast.
HISTORY OF LIFITEGRAST
Lifitegrast was discovered in a rational design process by identifying amino acids side chains vital for LFA-1 and ICAM-1 binding. [9] Using various structural techniques, a set of lead compounds was prepared which had LFA-1 binding property. Further, their analogs were created by combinatorial series followed by secondary testing of their T-cell inhibition potency. This extensive process led to the identification of a new chemical entity SAR-1118 (lifitegrast) which could effectively block LFA-1/ICAM-1 interaction.
In vitro assays proved that lifitegrast inhibits release of cytokines, interferon δ, tumor necrosis factor alpha (TNF-α), and other interleukins (ILs). [10] In vivo study of lifitegrast as radiolabeled drops in rats demonstrated that it was rapidly distributed in ocular and periocular tissues, cleared by normal tear drainage, and was devoid of systemic side effects. [11] A similar dose tolerability study of lifitegrast in dogs suffering from keratoconjunctivitis sicca proved its efficacy and safety. [10] STRUCTURE OF LIFITEGRAST
Its molecular formula is C 29 H 24 C l2 N 2 O 7 S and molecular weight is 615.48106 g/mol [ Figure 1 ]. [12] 
MECHANISM OF ACTION OF LIFITEGRAST IN DRY EYE DISEASE
T-cell-mediated inflammatory pathway plays an important role in DED. Integrins are heterodimeric receptors present on T-cells which help them in activation, adhesion to extracellular matrix, migration, proliferation, and differentiation, following an inflammatory signal. The integrin termed as LFA-1, αLβ2, or CD11a/CD18 by binding its ligand ICAM-1 helps in the initial process of migration of T-cells to the inflammatory site. [13] The expression of LFA-1 is limited to leukocytes. ICAM-1, an adhesion protein expressed on endothelial cells/ antigen presenting cells and LFA-1 are ligands for each other. [14] At the inflammatory sites, LFA-1 and ICAM-1 interaction leads to T-cell adhesion to endothelial cells, migration to inflamed tissue, antigen presentation, and recognition facilitating the formation of an immunological synapse. [15] [ Figure 2 ] These immunological synapses facilitate the propagation of Lifitegrast is a direct competitive antagonist of binding of LFA-1 to ICAM-1, thus inhibiting T-cell activation, cytokine release, formation of immunological synapse, and subsequently decreasing the ocular inflammatory cycle. [16] CLINICAL DISCOVERY AND DEVELOPMENT Gadek et al. in 2002 demonstrated that a compound coded as compound 4 had a high-binding affinity to LFA-1 and thus prevented LFA-1/ICAM 1 interaction, thus could act as a lead compound. [9] Zhong et al. in a series of experiments between 2010 and 2012 showed the development of a tetrahydroisoquinoline class of LFA-1/ICAM-1 antagonists, from which lifitegrast was recognized as a promising drug candidate. [17] [18] [19] The first in vivo study was conducted as a dose-escalation tolerability study in dogs suffering from keratoconjunctivitis sicca. The clinical efficacy was demonstrated in 10 dogs treated with SAR-1118 as 1% topical ophthalmic solution three times daily for 12 weeks. At the end of the study, the clinical signs of dry eye showed improvement as mean Schirmer's tear test values demonstrated significant increase, indicating increased tear production. No significant adverse events were reported, except for an unpredictable short period of blinking and squinting after instillation which declined after 1-2 days.
[10] The first in human study was conducted by Semba et al. in 2011 in 28 normal healthy adults. It was a single-center, randomized, double-masked, placebo-controlled, pharmacokinetic, and dose-escalation, safety study of 0.1%, 0.3%, 1.0%, and 5.0% lifitegrast ophthalmic solution for 27 days. The results demonstrated that lifitegrast was safe up to a dose of 5% ophthalmic solution TID for 27 days. The tear drug levels were >1µM, i.e. more than therapeutic levels at 1% and 5% concentrations. There was a rapid clearance of drug from local as well as systemic sites, and there were no significant ocular adverse events. [20] The first Phase II study was a multicentric, prospective, double-masked, placebo-controlled trial on 230 dry eye patients. SAR-1118 was used in concentrations of 0.1%, 1.0%, and 5.0% eyedrops versus placebo twice daily for 84 days. There were significant improvements (P < 0.05) in corneal staining score, total ocular surface disease index (OSDI), and visual-related OSDI score (VR-OSDI) for SAR 1118 as compared to placebo. There was also an improvement in tear production and relief of symptoms as early as day 14. Adverse events were mild and transient only at the instillation site with 5% ophthalmic solution, but no serious ocular adverse events were reported. [21] The favorable findings for lifitegrast in Phase II enforced the researchers to proceed further with Phase III trials. The first Phase III trial (OPUS 1) was conducted by Sheppard et al. in 2014 on 588 adult DED patients. It was a prospective, multicenter, randomized, double-masked, placebo-controlled trial of 5% lifitegrast solution twice daily for 84 days. The study demonstrated efficacy of lifitegrast solution as compared with placebo by significantly changing the inferior corneal staining score (ICSS) at day 84. There was also a significant reduction in corneal fluorescein staining and conjunctival lissamine staining at day 84 versus placebo. Significant improvement was also seen in ocular discomfort and eye dryness though there was no significant reduction in VR-OSDI. The most common ocular adverse event reported was transient symptoms at instillation sites such as irritation, pain, pruritus, and discomfort immediately after instillation and decreased subsequently. These ocular adverse events were mild to moderate in severity and no serious ocular adverse events were reported. The most common nonocular adverse event was dysgeusia (altered taste sensation) which was reported in 13% of patients in lifitegrast group. [22] The OPUS 2 Phase III clinical trial was again a randomized, multicenter, double-masked, placebo-controlled clinical trial of 5% lifitegrast ophthalmic solution for 84 days in 718 patients of DED. Lifitegrast patients showed better improvement in eye dryness score than placebo group. There was no significant difference in ICSS, total corneal staining, and nasal lissamine staining at day 84. The common ocular treatment-emergent adverse events (TEAEs) in lifitegrast group were transient instillation site irritation, eye irritation, decreased visual acuity, blepharitis, and blurred vision, all of which were nonserious. The nonocular adverse event reported was only dysgeusia which was again short-lived and mild to moderate in severity. [23] Another Phase III study OPUS 3 was a multicenter, randomized, double-masked, placebo-controlled trial of 5% lifitegrast ophthalmic solution versus placebo in 700 patients of DED. The results of this study clearly demonstrated that lifitegrast significantly reduced the eye dryness score and symptoms of DED. There were no significant TEAEs, except for instillation site irritation/reaction and dysgeusia. [24] The safety of a 5.0% concentration of lifitegrast ophthalmic solution (SONATA) study was a 1-year safety study of lifitegrast in 331 patients of DED. No serious ocular TEAEs were reported in this study. Only 53.6% of patients receiving lifitegrast experienced ≥1 ocular TEAEs whereas 34.2% placebo group patients experienced TEAEs though most of them were mild to moderate in severity. The most common TEAEs were instillation site irritation, instillation site reaction, and decreased visual acuity in 15%, 13.2%, and 11.4%, respectively. Similar to previous studies, dysgeusia was the most common nonocular TEAE reported in 16.4% patients as compared to 1.8% in placebo. This event is usually self-limiting and seen with some topical ophthalmic preparations as normal tear drainage route is through nasolacrimal duct into the nose and oropharynx. In addition, there were no signs of systemic toxicity or secondary local infective complications due to immunosuppression. Hence, this study also proved the ocular safety of lifitegrast in consistence with previous studies.
[ 25] Lifitegrast formulation as an ophthalmic agent for treatment of dry eye disease Lifitegrast was tested to have a favorable pharmacokinetic profile for topical administration into the eye. The sodium salt of lifitegrast had a high solubility in aqueous media and was isotonic with human tears. [26] The drug also showed rapid absorption into ocular tissues. Animal studies on rats and dogs have confirmed that therapeutic levels of drug were detected in all ocular tissues, especially in the conjunctiva, cornea, aqueous and vitreous humor, and sclera. [10, 11] In addition, peak plasma concentration of 5% lifitegrast ophthalmic solution was spotted within 5 min of topical instillation in Phase I clinical trial, thus proving its quick absorption in ocular tissues. [20] Lifitegrast also had a short half-life, high clearance rate, and low systemic exposure. [17] It was well tolerated when administered in single or multiple doses. [20] Hence, lifitegrast by virtue of its high efficacy, good pharmacokinetic profile, and little local and systemic toxicity is an optimal drug for ocular use in DED patients.
APPROVAL STATUS
In February 2015, a new drug application (NDA) was submitted which was granted priority review in April 2015 but was returned in October 2015, and a complete response letter along with product quality information was demanded by the US Food and Drug Administration (FDA). The NDA was resubmitted in January 2016 with positive data from OPUS-3, a Phase III efficacy and safety trial along with the product quality data. Thus, the NDA included data from five clinical trials, including one Phase II study, three Phase III safety and efficacy studies (OPUS-1, OPUS-2, and OPUS-3), and one long-term 1-year Phase III safety study (SONATA). The FDA confirmed that the resubmission was satisfactory and complete and assigned a 6-month review period with a goal date of July 22, 2016. On July 11, 2016, the US FDA-approved lifitegrast (Xiidra) 5% ophthalmic solution BD for the treatment of signs and symptoms of DED in adult patients. [27] CONCLUSION DED causes considerable impairment in functional vision, hence deteriorating the quality of life. In the last few years, many researches and trials have failed to develop better treatment options in DED. The recent studies demonstrated that inflammatory pathways are mainly involved in the pathophysiology of DED; therefore, targeting these pathways seems to be a new and promising approach for the development of drugs in DED. Lifitegrast is a novel integrin antagonist which prevents LFA-1/ICAM-1 interaction preventing T-cell activation/ recruitment and release of inflammatory mediators, thereby decreasing the inflammatory responses in DED. Lifitegrast was found to be a highly potent drug in various clinical trials as it alleviates both the signs and symptoms of DED, which showed rapid onset of action and good therapeutic efficacy as ophthalmic drops. It protected the corneal surfaces and was well tolerated locally as well as systemically; hence, it was approved by FDA for use in DED as 5% eyedrops to be used twice a day.
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